Dense, well-separated, and aligned carbon nanotubes have been prepared via bias-enhanced microwave plasma chemical vapor deposition. The turn-on fields defined at the emission current density of 10 µA/cm 2 are about 3.35 V/µm, 2.54 V/µm, and 3.54 V/µm, for the immersion times in PdCl 2 of 1 min, 20 min, and 40 min, respectively. The corresponding emission current densities are about 0.97 mA/cm 2 , 4.5 mA/cm 2 , and 0.44 mA/cm 2 at the electric field of 5 V/µm. The higher emission current obtained from the aligned carbon nanotubes for the immersion time of 20 min is ascribed to the denser and sharper nanotubes formed in this condition.
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Introduction
Recently, carbon nanotubes have attracted considerable attention because of their unique structural and electronic properties 1, 2) that can be used in a broad range of potential applications. [3] [4] [5] [6] One potential application of carbon nanotubes is as field emitters in vacuum microelectronics, owing to their high aspect ratios, high chemical stability, and small tip radii of curvature that can easily emit electrons at a very low electric field. 7) Good field-emission properties from multiwalled nanotubes and single-walled nanotubes grown by arc discharge have been reported. 8, 9) For display applications, it is necessary to produce high-density and vertically aligned nanotube arrays. However, carbon nanotubes produced by arc discharge have disordered orientation and it is difficult to align the nanotubes after growth. However, vertically aligned carbon nanotubes have recently been synthesized by thermal decomposition 10, 11) and plasma-enhanced chemical vapor deposition of hydrocarbon gas. 12, 13) In this letter, a method using microwave plasma chemical vapor deposition (MPCVD) with a DC bias was performed to align the carbon nanotubes. Typically, catalytic metals used for the growth of carbon nanotubes are Fe, Co, and Ni. On the other hand, Pd has also been found to have good catalytic ability and can be easily deposited on a porous silicon substrate by electrodeless plating. 13) These aligned carbon nanotubes catalyzed by Pd show good field-emission properties and superior emission stability compared to the nonaligned carbon nanotubes.
Experimental Procedures
The aligned carbon nanotubes were synthesized using a MPCVD system with a negative DC bias. The preparation procedure is briefly described as follows. The porous silicon layers were first formed on p-type silicon substrates by anodization. A reductive deposition of nanoparticles of Pd on the porous silicon surface was carried out by immersing the porous silicon specimen into an aqueous solution of PdCl 2 . Then, carbon nanotubes were grown on Pd-catalyzed substrates by MPCVD. The microwave input power was 1100 W and the substrate was heated directly by plasma without other heating sources. A mixture of methane and hydrogen gases was introduced into the chamber. The total pressure was kept at 30 Torr and the flow rates were maintained at 0.5 sccm and 100 sccm for methane and hydrogen, respectively. In this experiment, various times of immersion in PdCl 2 including 1 min, 20 min and 40 min were adopted to produce different shapes of carbon nanotubes. The experimental conditions are listed in Table I .
Results and Discussion
Scanning electron microscopy (SEM) was used to determine the morphology of aligned carbon nanotubes. catalytic nanoparticles. This aggregation results in a cluster of carbon nanotubes which causes the blunt morphology of the carbon nanotubes formed in Fig. 1(c) .
The field-emission properties of these aligned carbon nanotubes were characterized in a high vacuum environment with a base pressure of about 1 × 10 −7 Torr. The measurement system is based on Keithley 237 high voltage source units with a IEEE 488 interface. The anode was a graphite plate and the spacing between the emitter and the anode was controlled at 220 µm. Prior to the electrical measurement, a high constant voltage of 1100 V was applied to the emitters to exhaust the adsorbed molecules and impurities. Figure 3 shows the field-emission properties of the aligned carbon nanotubes for different immersion times in PdCl 2 . It can be seen that the aligned carbon nanotubes exhibit high emission current at low electric field. The turn-on fields E on defined at the emission current density of 10 µA/cm 2 are about 3.35 V/µm, 2.54 V/µm, and 3.54 V/µm, for immersion times in PdCl 2 of 1 min, 20 min, and 40 min, respectively. The corresponding emission current densities are about 0.97 mA/cm 2 , 4.5 mA/cm 2 , and 0.44 mA/cm 2 at the electric field of 5 V/µm. The aligned carbon nanotubes for the immersion time of 20 min show superior field-emission properties compared to others. This is due to the much more densely aligned carbon nanotubes formed under this condition. On the other hand, the immersion time of 40 min results in relatively poor emission properties. This may be ascribed to the blunt tip of nanotube emitters obtained under this condition. According to Fowler-Nordheim (FN) theory, the emission current density J can be expressed as a function of the applied electric field E, the local work function of the tip φ, and the field-enhancement factor β. That is, current density of 4.5 mA/cm 2 was established at the electric field of 5 V/µm. No obvious degradation of the emission current density was observed in the stability test. The emission current fluctuation was found to be from −25% to +15%. This is relatively more stable than that of the nonaligned carbon nanotubes previously reported. 14) 
Conclusions
In summary, the bias-enhanced microwave plasma chemical vapor deposition technique was adopted to synthesize aligned carbon nanotubes on Pd-catalyzed porous silicon substrates. The turn-on fields E on defined at the emission current density of 10 µA/cm 2 are dependent on the immersion times in PdCl 2 . The emission current densities are about 0.97 mA/cm 2 , 4.5 mA/cm 2 , and 0.44 mA/cm 2 at the electric field of 5 V/µm for the immersion times in PdCl 2 of 1 min, 20 min, and 40 min, respectively. The lower turn-on field and PdCl 2 of 1 min, 20 min, and 40 min are about 3436, 3674, and 2920, respectively. The first two values are close due to the similarly aligned carbon nanotubes formed under the first two preparation conditions. The last value is smaller than the others, which is ascribed to the larger tip radius of emitters. higher emission current density obtained from the aligned carbon nanotubes for the PdCl 2 immersion time of 20 min are attributed to the denser and sharper nanotubes. Moreover, these aligned carbon nanotubes indicate no obvious degradation of the emission current density over a period of 2 h.
